Many biological functions rely on the reshaping of cell membranes, in particular into nanotubes, which are covered in vivo by dynamic actin networks. Nanotubes are subjected to thermal fluctuations which effect on cell function is unknown. Here, we form nanotubes from liposomes using an optically trapped bead adhering to the liposome membrane. From the power spectral density of this bead, we study the tube fluctuations in the range of membrane tensions measured in vivo. We show that an actin sleeve covering the nanotube damps its high frequency fluctuations because of the network viscoelasticity. Our work paves the way for further studies on the effect of nanotube fluctuations in cellular functions.
Living organisms are dynamic systems which constantly adapt their morphology. Their shape changes rely on the remodeling of the lipid membranes that delineate cell boundaries as well as intracellular compartments. Inside the cell, membranes are often found in narrow tubules which are cylinders made of a single lipid bilayer, here referred as nanotubes [1] . For example, the endoplasmic reticulum (ER), a complex organelle extended all over the cell from the vicinity of the nucleus towards the cell membrane, is made of interconnected nanotubes fluctuating at 0.1 to 1 second time scale, thus making the whole organelle highly dynamic [2, 3] . Despite the high dynamics, the effect of these fluctuations on nanotube fates is unknown.
Moreover, nanotubes in the cell interact with actin networks [4] , notably those locate at the Golgi apparatus [5] , but the mechanical effect of this interaction also remains unclear. In this article, we assess nanotube fluctuations at membrane tension (0.2 − 60 × 10 −6 N/m) similar to in vivo situations and in the presence of an actin network. This approach is inspired by experimental and theoretical work on membrane nanotube fluctuations [6] [7] [8] [9] .
Nanotubes spontaneously extrude from a plane membrane upon application of a well characterized pulling force [10] . This force depends on the membrane tension σ which ranges in vivo from 5 × 10 −6 N/m for the Golgi membrane to 13 × 10 −6 N/m for ER membrane [11] . Here, we extrude nanotubes from settled and slightly adherent liposomes using a bead held in an optical trap [12] . We access the nanotube fluctuations through the power spectral density (PSD) of the trapped bead connected to the nanotube. Our in vitro assay allows us to control the properties of both, membrane and actin network, thus avoiding the complexity of the cell interior.
We show that the presence of a membrane nanotube at low tension increases the PSD of the bead (in the absence of the nanotube) in the frequency regime [1 − 100] Hz. We explain this increase using our previous model that predicts a shift of the frequency regime where peristaltic undulations of the nanotube dominate bead fluctuations [7] .
Then, we compare the bead PSD before and after actin polymerization. For frequencies between 0.5 and 5 kHz, the PSD is described by a power law whose exponent increases in the presence of the actin network whereas the amplitude of the corresponding fluctuations decreases. Those observations stem from the viscoelasticity of the actin architecture that we include in our theoretical framework. Therefore, we demonstrate that actin modulates the local undulation of membrane nanotubes. This could play a role in vivo on the stability of membrane tubules and their interactions with membrane remodeling proteins.
RESULTS

Experimental assay
Membrane nanotubes are obtained by first trapping a polystyrene bead that specifically binds to biotinylated lipids (Materials and methods in Supplementary materials). To extrude a nanotube at low membrane tension, we use liposomes slightly adhering on a substrate and then move the stage away. Measuring the nanotube force and knowing the membrane bending energy κ, we infer the tension σ = F 2 /8π 2 κ [10] . In our conditions, tension ranges between 0.2 and 60 × 10 −6 N/m, while aspirating liposomes in a micropipette gives 10 − 200 × 10 −6 N/m [7, 12] . The detailed effect of membrane tension is assessed in section Temporal nanotube fluctuations at low tension.
To decorate the membrane with actin, we polymerize a branched actin network at the surface of the membrane nanotube in a two-step procedure [12] . First, we specifically bind pVCA to the nanotube which further activates actin polymerization (Materials and methods in Supplementary material). In a second step we supply actin monomers to the nanotube and thus an actin sleeve forms at the nanotube surface ( Fig. 1(a and b) ).
For a visual highlight of the fluctuations nanotubes are imaged at a rate of 1 frame per second with a spinning disc confocal microscope. The shape of these nanotubes is extracted over time and their local orientation is measured using an open-source Matlab code [13] .
The orientation correlation is determined along the contour length of the nanotube in the presence and in the absence of an actin sleeve. An orientation correlation has a value between 0 and 1, where one corresponds to no spatial fluctuations whereas values lower than one correspond to a nanotube for which spatial fluctuations are present and optically detectable.
Three nanotubes are exemplified in Fig. 1(c) for which the orientation correlation is significantly lower than one (magenta stars, circles and crosses in Fig. 1(c) ). We observe that the presence of an actin sleeve increases the orientation correlation to 1 (green stars, circles and crosses in Fig. 1(c) ). This indicates that the presence of an actin sleeve reduces membrane nanotube fluctuations and motivates a closer look. To do so, we record the fluctuations of the bead connected to the nanotube, thanks to the high spatial (1 nm) and temporal (4 µs) resolution of our setup ( Fig. 1(a) ).
Temporal nanotube fluctuations at low tension
The PSD of an isolated bead only differs from the one of the same bead connected to a bare membrane nanotube in the low frequency regime (< 100 Hz), while we observe no differences for frequencies above 3 kHz ( Fig. 2(a) ). Indeed, the exponent at high frequency for beads Orientation correlation as a function of the contour length along the nanotube, calculated using the Easyworm software [13] . Three bare nanotubes (star, circle and cross symbols) display an orientation correlation under one (magenta). Once covered with actin, the correlation goes to one (green).
connected to a nanotube is n HF = 1.88 ± 0.04 (mean ± s.e.m., N = 51), similar to the one of an isolated bead n HF = 1.91 ± 0.04 (N = 59). In the low frequency regime, the power law exponents are respectively n LF = −0.02 ± 0.05 for isolated beads (black distribution in Fig.   2 (b)) and n LF = −0.18 ± 0.05 for beads connected to nanotube (magenta distribution).
Let us now address the difference observed in the low frequency regime. We previously described the PSD of a bead connected to a membrane nanotube as [7] :
where f c reflects the optical trap stiffness (f c = 320 ± 70 Hz, inset Fig. 2 (a) and Materials and methods in Supplementary material) and f t is a characteristic frequency of the nanotube, given by: Magenta line indicates the prediction for nanotube pulled from liposomes under pressure as in [7] (f t = 200 Hz).
with F the mean nanotube force maintenance, η and η I the viscosities of the surrounding and inside fluid, respectively, and r bead the radius of the bead. Here, the force is given by F = 2π √ 2κσ, with κ the membrane bending modulus [10] . Therefore, a decrease in membrane tension leads to a decrease in the maintenance force. Compared to [7] , the mean nanotube force maintenance is here lower since we are at lower tension. Using our typical measured force F = 4 pN (median, N = 51), equation (2) leads to an estimate of f t = 40 Hz.
From the fit of our experimental data ( Fig. 2(c) ) we obtain f t = 3.1 ± 3.5 Hz. This nanotube frequency is then between f t = 0 Hz (corresponding to an isolated bead) and f t 220 Hz
(measured for high membrane tension nanotubes in [7] ).
We conclude that the fluctuations of a bare membrane nanotube at low tension increase bead fluctuations for frequencies below 100 Hz (Fig. 2(c) ) and is captured by equation (1) in the range of low membrane tensions. 
Fluctuations of actin-covered membrane nanotubes
Next we address how bead fluctuations are affected by the presence of an actin sleeve. The PSD of a bead connected to a nanotube is displayed in Fig. 3 (a) in the presence (green) and the absence (magenta) of an actin sleeve. For frequencies below 300 Hz (Reg. 1, Fig. 3(a) ) and above 3 kHz (Reg. 3, Fig. 3(a) ), the presence of actin does not visibly affect membrane nanotubes, whereas the intermediate regime (Reg. 2, Fig. 3(a) ) exhibits differences.
In Reg. 1, data are more dispersed in the presence of actin than before actin polymerization ( Fig. 3(a) ). The distribution of the exponent n Reg. 1 in both cases is given in Fig. 3(b) .
Whereas the distribution of n Reg. 1 in the absence of actin can be fitted by a gaussian, this is not the case in the presence of an actin sleeve. In Reg. 3, the exponent is similar with (n Reg. 3 = −1.87 ± 0.04) and without actin (n Reg. 3 = −1.88 ± 0.04).
In the intermediate regime, Reg. 2, the presence of the actin sleeve affects the exponent of the PSD (Fig. 3(a and c) ). We get n Reg. 2 = −1.66 ± 0.04 with actin (green) and a significantly lower exponent n Reg. 2 = −1.79 ± 0.04 without actin (magenta).
A first attempt to explain this difference in Reg. 2 is to consider transverse thermal fluctuations, such as the one from a guitar string, which we initially observed on membrane nanotube shapes ( Fig. 1(c) ). Adapting a framework previously developed for neurite cores, surrounded by cytoskeleton and a plasma membrane [14] , leads to n Reg. 2 = −1.25 (see Appendix in Supplementary material for detailed calculations). This discrepancy shows that the transverse fluctuations of the nanotube do not explain our data.
Another hypothesis is that the viscoelasticity of the actin network could affect radial undulations of the nanotube. The framework recalled above (equation (1)) introduces a characteristic frequency f t given by equation (2), which is determined by the difference in viscosity between the inside and the outside of the nanotube. The bottom term πηr bead catches the thermal fluctuations of the isolated bead in the surrounding viscous medium while the upper term expresses the damping of nanotube fluctuations due to the viscosity η I inside the nanotube. Here, an actin sleeve of few hundreds of nanometers surrounds the membrane nanotube [12] . We propose that this sleeve affects the membrane nanotube peristaltic modes by reducing the in/out viscosity difference. In the presence of an actin sleeve, we then assume that the characteristic frequency would be f t = 2 9 F η actin (πηr bead ) 2 with η actin the viscosity outside the nanotube due to the actin sleeve. The viscosity of actin filaments in bulk is about η actin = 10 4 Pa · s [15] , much larger than water viscosity, and supports our assumption. Using this viscosity value leads to an estimate of f t ∼ 1 GHz. Let us now consider a frequency f in Reg. 2 such as f c f f t . Rewriting equation (1) yields:
where f /f t in the presence of an actin sleeve ( Fig. 3(a and c) ).
To look closely at how the PSD from equation (1) behaves as a function of the characteristic frequency f t , we display in Fig. 3(d Fig. 2) . Second, the nanotube increases bead fluctuations at times longer than 10 ms (Fig. 2(c) and Reg. 1 in Fig. 3 ). These fluctuations increase with membrane tension as the bead connected to a nanotube explores a larger area inside the trap than an isolated bead. The intermediate time scale regime (Reg. 2) is sensitive to the presence of an actin sleeve that damps nanotube fluctuations ( Fig. 1(c) ) and drops bead fluctuations ( Fig. 3(a) ).
A model previously described in [7] , where squeezing modes of the nanotube influence bead fluctuations (equation (1)), introduces a characteristic frequency f t (equation (2) An isolated bead corresponds to f t = 0 Hz (in the absence of nanotube). The presence of a bare membrane nanotube connected to the bead increases f t to 3.1 ± 3.5 Hz at low membrane tensions (Fig. 2(c) ) while we get f t 220 Hz for high membrane tensions (10 − 200 × 10 −6 N/m, [7] ). In the presence of an actin sleeve, we estimate f t 3 kHz, 3
orders of magnitude higher than the bare nanotube case (compare magenta to green curves in Fig. 3(d) ). Equation (2) writing the paper. The authors declare that they have no competing interests. The data that support the plots within this paper and other findings of this study are available from the corresponding authors upon request.
We visualize images with a spinning disk (SD) confocal microscope (CSUX1 YOKO-GAWA, Andor, Ireland) and a high resolution sCMOS Camera (Andor). To extrude a membrane nanotube, we first trap a streptavidin-coated polystyrene bead (3.05 µm diameter, streptavidin-coated, Spherotech, Illinois, USA). We then attach to this bead a bi- We synchronize instrument controlling and data recording by LabView software (National Instruments). Image acquisition is done by iQ3 software (Andor). We analyze data with Matlab software (The MathWorks, Natick, MA). We purchase actin and the porcine Arp2/3 complex from Cytoskeleton (Denver, USA), fluorescent Alexa Fluor 488 actin conjugate (actin-488) from Molecular Probes (Eugene, USA). Purification of mouse α1β2 capping protein (CP) is described elsewhere [19] . His-pVCA-GST (pVCA, the proline rich domain-verprolin homology-central-acidic sequence from human WASP, starting at amino acid Gln150) is purified as for PRD-VCA-WAVE [20] . Untagged human profilin is purified as in [21] . Membrane and actin sleeve We will further describe membrane nanotube pulling from liposomes formed using the electroformation method [22] . The lipid mixture (molar ratio EPC/DGS-Ni/DSPE-PEG-biotin/Texas Red DHPE of 89.4/10/0.1/0.5) is aliquoted at 2.5 g/L in chloroform/methanol at volume ratio 5/3. A volume of 5 µL of this solution is spread on an ITO-coated (Indium Tin Oxide) glass slide (63691610PAK, Sigma Aldrich, Germany), and dried in vacuum for 2 h. We face the two conductive slides, sealed with Vitrex (Vitrex Medical A/S, Denmark), to form a chamber. We then hydrate the film with TPI and apply an oscillating electric field (10 Hz, 3 V peak to peak) during 2 h. Liposomes are stored at 4 • C for up to two weeks.
Lipids, buffers and reagents
Prior to experiments, we clean and passivate the glass surfaces. We sonicate glass cov- Micropipettes are prepared from borosilicate capillaries (0.7mm/1.0 mm for inner/outer diameter, Harvard Apparatus, USA), using a puller (P2000, Sutter Instrument, USA) with parameters previously described in [7] . Micropipette tips are then micro-forged (MF 830, Narishige, Japan) up to an internal diameter of 10 µm. Micropipettes are filled by aspirating 1 µL of the desired solution. Mineral oil is filled on the other side of the micropipette using a MicroFil (250 µm ID 350 µm OD 97 mm long, World Precision Instrument, UK). We prepare two micropipettes: the first one contains 2 µM pVCA, 0.01 g/L sulforhodamine-B
(to monitor the microinjection), in TPE; the second one contains 3 µM actin-488 and 3 µM profilin, in TPE inj , adjusted to the osmolarity of 200 mOsm/kg with TPA.
Note that profilin is present in the actin microinjection pipette and in the chamber, so that actin polymerization is prevented in the micropipette and in solution, and occurs mainly at the membrane surface.
Each micropipette is set up into the chamber, and connected to two separated reservoirs to control independently the injection pressures. The chamber is sealed on each side by adding mineral oil, to block evaporation over the time of the experiment. where F F T * is the conjugate of F F T and T exp the time of the experiment. Power spectral densities PSD as function of the frequency f are generated using the FFT algorithm.
Power spectral density calculations
Power laws calculation is performed on logarithmic transformation of experimental PSD. The exponent n for each regime is then deduced from a linear fit: log 10 (PSD) = n × log 10 (f ) + a.
This method reduces the computational error in the exponent n calculation. We display n as mean ± s.e.m..
In the case of an "isolated bead", the bead is held by the optical trap and fluctuates because of the thermal agitation in the surrounding viscous fluid. The bead undergoes an elastic force, a Brownian force and Stokes force. The Fourier transform of the Langevin equation, reflecting the bead dynamics gives the PSD of the fluctuating bead [23] :
